Raman spectra of radial breathing modes ͑RBM's͒ of single-walled carbon nanotubes ͑SWNT's͒ are reported to exhibit a different resonantly enhanced behavior between the Stokes and anti-Stokes Ramanscattering components, from which we determine the electronic transition energy of individual SWNT's that is involved in the resonant process. By comparing the measured electronic transition energy with the theoretical energy separations between singularities in the one-dimensional density of electronic states for metallic or semiconducting SWNT's, the conducting category of observed SWNT's is identified. Moreover, we find that the relative intensity of each RBM does not reflect the proportion of a particular SWNT due to the coexistence of resonant and nonresonant Raman-scattering processes for different diametric SWNT's.
I. INTRODUCTION
Single-walled carbon nanotubes ͑SWNT's͒ 1 have attracted great attention in both experimental [2] [3] [4] and theoretical [5] [6] [7] [8] researches because they provide an ideal model for a one-dimensional ͑1D͒ system. 9 According to theoretical calculations, 5, 6 SWNT's can exhibit either metallic or semiconducting behavior depending on their diameter and chirality. This behavior has been confirmed by the scanning tunneling microscopy studies recently. 3, 4 Because of their unique electrical properties and nanoscale dimensions, SWNT's are good candidates for nanoscale electronic devices. [10] [11] [12] However, nanotube production grown by almost all the known methods consists of many SWNT's with mixed, quasirandom dimensions and chiralities, and thus different electronic properties. [13] [14] [15] Therefore, it is often unknown whether the produced nanotubes are mainly metallic or mainly semiconducting. The large sample inhomogeneity makes it inconvenient to probe the main electronic properties of SWNT production by using scanning tunneling microscopy ͑STM͒ technology. Some methods such as highresolution electron energy loss spectroscopy and opticalabsorption spectroscopy 16, 17 have been used to study the mean electronic properties of SWNT production, but they cannot offer the electronic properties of individual carbon nanotubes with the selected diameter. As a simple experimental technique that does not require difficult sample preparation techniques, Raman scattering has been used to determine the diameters of SWNT's ͑Ref. 18͒ and study the resonant process of the metallic nanotubes in a SWNT sample with small diameter dispersion. 19 However, it is very difficult to investigate the resonant Raman behavior of SWNT's when the product is very inhomogenous and has large diameter dispersion because the resonant Raman spectra are usually obtained in different experimental setups and with different laser sources. 19 In this paper, we report that the resonant behavior of individual carbon nanotubes can be investigated from the Stokes and anti-Stokes Raman-scattering spectra of their radial breathing modes, and the electronic transition energies involved in the resonant process are measured. By comparing the measured energies of electronic transitions with the theoretical results, we have identified the conducting category of individual carbon nanotubes with the diameters that are determined from the frequency of the corresponding breathing modes.
II. EXPERIMENT
SWNT samples were prepared by using an improved floating catalyst method. 20 The SWNT's have a wider diameter distribution and larger mean diameter in comparison with those obtained by the laser vaporization and electric arc techniques. 14, 21 High-resolution transmission electron microscope images show that more than 75% of the SWNT's have diameters ranging from 1.0 to 2.0 nm, with a Gaussian mean diameter of 1.69Ϯ0.34 nm. 20, 22 Raman scattering spectra were recorded by the Dilor SuperLabram with a typical resolution of 0.5 cm Ϫ1 in the measured frequency region. All spectra reported here were measured in the backscattering geometry using 632.8-nm laser excitation at the room temperature. The Raman system consists of a holographic notch filter for Rayleigh rejection and a microscope with a 100ϫ objective lens ͑numerical aperture ϭ0.9͒, which allows a spatial resolution of less than 2 m. Typically, a low-laser power of 10 kW/cm 2 was used to avoid sample heating. Figure 1 shows the Raman spectra of SWNT's at two different sample positions excited with a He-Ne laser line ͑632.8 nm͒. The modes in the range between 100 and 300 cm Ϫ1 are designated as the radial breathing modes, and those in the higher-frequency region up to 500 cm Ϫ1 should be second-order Raman modes of the serial radial breathing modes ͑RBM's͒. For example, the overtones of strong show that the RBM frequency is related to the diameter of SWNT by a simple formula (cm Ϫ1 )ϭ223.75(cm Ϫ1 nm)/ d (nm) . From this equation, we can get the diameters of the observed nanotubes in the range of 0.9-1.8 nm, which are consistent with the diameter dispersion of our samples. 20, 22 For any mode observed in the Stokes Raman spectra, there is a corresponding mode with the same frequency at anti-Stokes side as shown in Fig. 1 where I and are the frequencies of incident light and phonon, respectively, and n() is the Bose-Einstein thermal factor
III. RESULTS AND DISCUSION
where k B is Boltzmann's constant and T the sample temperature. Equation ͑1͒ is usually used to estimate the sample temperature. 24 In our experiment, the sample is kept at room temperature ͑ϳ300 K͒ because no frequency shift induced by the change of sample temperature is observed when the excitation power is much lower or little higher than the current laser density. 24 The measured anti-Stokes Raman spectra have been multiplied by a correction factor ␣ s/as for the room temperature, and are shown in the Fig. 1 with the x scale of the corresponding Stokes modes for the convenience to compare them with each other.
In the nonresonant case, the Raman spectra should show the symmetric profiles between the Stokes side and antiStokes side that has been multiplied by the factor ␣ s/as . However, Raman spectra of RBM's in Fig. 1 show very asymmetric profiles between the Stokes and anti-Stokes sides. The intensities of Stokes and corrected anti-Stokes components of some breathing modes located at about 126, 149, 197, and 254 cm Ϫ1 are almost equal to each other, which behaves as the nonresonant case. 23 Whereas the intensity of the Stokes mode at 215 cm Ϫ1 is much stronger than that of the corresponding anti-Stokes mode, and that of the 236-cm Ϫ1 mode is strongly enhanced at anti-Stokes side. This different intensity between Stokes and anti-Stokes scattering components is more remarkable for the second-order modes of RBM's ͑e.g., 313, 377 and 430 cm Ϫ1 ). These results indicate that many RBM's exhibit much different resonant process between the Stokes and anti-Stokes sides. For SWNT's with larger diameters, the energy separations between spikes in the 1D electronic density-of-states ͑DOS͒ are much smaller and far from the incident photon energy. Therefore, the Stokes and anti-Stokes components of those breathing modes located at about 126 and 149 cm Ϫ1 do not exhibit the resonant enhancement process. However, for some special diametric SWNT's, the energy separations of 1D spikes are closer to the energy of Stokes or anti-Stokes scattering photon, and hence the intensity of some breathing modes ͑e.g., 158-, 189-and 215-cm Ϫ1 modes͒ is much resonantly enhanced at Stokes side and other modes ͑e.g., 157-and 236-cm Ϫ1 modes͒ show a strong resonantly-enhanced process at anti-Stokes side. Because of the sample inhomogeneity and the diameter-selective resonant Raman effect discussed above, the Raman spectra of radial breathing modes are very sensitive to the sample position and the laser energy. 15, 19 This explains why Raman spectra at two different sample positions are very different ͓see Fig. 1͑a͒ and  1͑b͔͒ .
The above discussions show that Raman-scattering processes for some SWNT's are under nonresonant conditions whereas the radial breathing modes of other special diametric SWNT's are resonant. Therefore, the relative intensity of each breathing mode does not reflect the proportion of a particular SWNT with the corresponding diameter. However, the comparison between Stokes and anti-Stokes Ramanscattering intensity enables us to obtain the relative proportion of the observed SWNT's with some special diameters. Because the energy difference between the Stokes and antiStokes sides is very small ͑ϳ40 meV͒, the intensity of Stokes and anti-Stokes breathing modes is strongly enhanced under the resonant scattering condition. Thus, the SWNT's whose RBM's are beyond the resonance condition but their intensity is comparable to other resonant RBM's should have a larger population in the observed SWNT's. The electronic transitions of some SWNT's are involved in the resonant Raman process. To determine the involved electronic transitions, one must consider the relative intensity of breathing modes between the Stokes and anti-Stokes sides under the resonant condition. When the energy difference between spikes of the electronic DOS is close to the incident photon energy or the scattered photon energy, Raman scattering will exhibit the resonantly enhanced process. Under the resonant process, the Raman cross section is only determined by the electronic transition energy that is the closest to the frequency of incident or scattering photon, and the intensity of the Stokes and anti-Stokes lines is, respectively, given by 19 
͑5͒
Because the energy shift between Stokes and anti-Stokes sides of the breathing modes is very small ͑ϳ50 meV͒ and the same Raman modes of RBM's at two sides exhibit very different resonantly enhanced process, the width of the singularities in the electronic DOS of SWNT's is very small. When taking the damping factor ␥ e as 40 meV, which is directly deduced from the scanning tunneling spectroscopy measurement, 3,4 the energies of electronic transitions (E experiment ) associated with the resonantly enhanced process of Stokes and anti-Stokes components at room temperature, can be obtained from Eq. ͑5͒, and are listed in Table I for all RBM's.
Many theoretical calculations predicted that the frequency of breathing mode is only sensitive to inverse diameter but not to the helicity ͑or symmetry͒ of a particular tube. 18 Thus, the different resonant enhancement between the Stokes and anti-Stokes components of RBM's reflects the tube diameter dependence of energy separation between the singularities of 1D electronic DOS. In the range of diameter ͑0.9-1.8 nm͒ for the observed tubes, the energies for 2 →c 2 transition in metallic tubes and 1 →c 1 transition in semiconducting tubes are much larger or smaller than the incident photon energy ͑1.96 eV͒. 7, 8 The electronic transitions between the mth maximum of the valence band and the (mϮ1)th minimum of the conduction band, such as 2 →c 3 and 2 →c 1 , associate electronic states with different wave vectors and have smaller probability. 7, 19 Therefore, for electronic transitions that are involved in the resonant Raman-scattering process, we only consider the 1 →c 1 transition of metallic tubes or the 2 →c 2 and 3 →c 3 transitions of semiconducting tubes. The theoretical calculations 7, 8 showed that the diameter ͑d͒ dependence of the energy separation E 11 ϭE c1 ϪE 1 for metallic SWNT's is equal to 6␥ 0 a CϪC /d, where ␥ 0 is the nearest-neighbor overlap integral and a CϪC denotes the C-C distance. The calculated energy separations E 22 ϭE c2 ϪE 2 and E 33 ϭE c3 ϪE 3 for semiconducting SWNT's are about 4␥ 0 a CϪC /d and 8␥ 0 a CϪC /d, respectively. 7, 8 In addition, the theoretical calculation and experimental results showed that the E 11 of metallic SWNT's and the E 22 and E 33 of semiconducting SWNT's have a weak dependence on the wrapping angle, 3, 8 which is neglected here. If taking the nearest-neighbor overlap integral ␥ 0 as 3100 meV from the tight-binding approximation, 25 ,26 the calculated energy separation E 11ϪM between the first pair of 1D electronic DOS singularities for metallic SWNT's and those of second (E 22ϪS ) and third (E 33ϪS ) singularity pairs for semiconducting SWNT's are listed in Table I .
In Table I , some E experiment values can not be determined by Eq. ͑5͒ because the intensities of Stokes and anti-Stokes components of RBM's are equal to each other and those SWNT's are beyond the resonant condition. In other words, the energy separations of 1D electronic spikes of those SWNT's are far away from the incident photon energy. But, TABLE I. Overview of electronic transition energy (E experiment ) measured in the experiment and theoretically calculated energy separations (E 11ϪM , E 22ϪS , and E 33ϪS ͒ of the singularities of electronic states on individual SWNT's observed in the Raman spectra of Fig. 1 . The value of 3100 meV for the overlap integral was used in the theoretical calculation. The accuracy of E experiment is mainly limited by the accuracy of sample temperature, and is less than 50 meV. Accuracy in E 11Ϫm and E 22Ϫs is within 10% because of the different wrapping angles, and accuracy in E 33Ϫs may be much larger than that in E 22Ϫs . The symbols ''M '' ͑metallic͒ and ''S'' ͑semiconducting͒ represent the conducting category of the observed SWNT's. the electronic transition energies of other SWNT's involved in the resonant process have been determined, and are qualitatively in accord with theoretical energy separations between 1D electronic DOS spikes of metallic or semiconducting SWNT's. 27 This accordance enables us to determine the conducting category of the observed SWNT's. For example, the oberved SWNT's with 236-cm Ϫ1 RBM are semiconducting because the calculated E 22 of semiconducting SWNT's is consistent with the experimentally measured electronic transition energy. Some calculated energy separations of SWNT's with particular conducting category are close to the incident photon energy ͑1.96 eV͒, but the resonant behavior is not observed in the Raman spectra of those SWNT's. This indicates that those SWNT's do not belong to that conducting category, but the other conducting category. For instance, the observed SWNT's with nonresonant 213-cm Ϫ1 RBM should be the metallic category because the calculated E 22 of semiconducting SWNT's is close to the excitation energy. Moreover, in Fig. 1 and Table I , we note that SWNT's with nearly the same diameters 1.42 and 1.43 nm ͑with RBM's at 158 and 157 cm Ϫ1 , respectively͒ show different resonant behavior and different electronic transition energies ͑a change of ϳ250 meV͒. This can be regarded as an evidence that the electronic properties of SWNT's depend on the their helicity sensitively. 3 From the above discussions, we can see that the electronic transition energy and conducting category of SWNT's can be deduced from the resonant behavior of the radial breathing mode. However, it should be pointed out that the identification of the conducting category depends on the choice of the overlap integral ␥ 0 . The value for the overlap integral of carbon nanotubes is not yet well established. The values reported in the literature range from about 2400 to 3150 meV. 3, 4, 9, 19, 25, 26, 28, 29 Therefore, the category identification of some observed diametric SWNT's may be different if considering a lower value for the overlap integral, such as 2500 meV. A number of experimental studies tend to take a higher value from 2900 meV to 3150 meV for the overlap integral. 19, 28, 29 We find that the value of 3100 meV is better fit to our experimental results, especially for the nanotubes with the RBM's that exhibit strong resonant process. When the Raman scattering of SWNT's occurs beyond the resonant condition, the electronic transition energy of those SWNT's cannot be determined from Raman spectra of the breathing modes, hence it may be impossible to determine the conducting category of those SWNT's from Raman specra excited with the used laser excitation. In this case, other laser excitation can be chosen to observe the different resonant behavior of RBM's between Stokes and anti-Stokes sides and further to identify the conducting category of those SWNT's. Although the identification of the conducting category depends on the choice of the overlap integral, it may be a feasible way to identify the conducting category of SWNT's from the Stokes and anti-Stokes Raman scattering after the precise determination of the overlap integral in the further experimental and theoretical calculations. However, the determination of the overlap integral is beyond the scope of the present paper.
IV. SUMMARY
The different resonantly enhanced Raman scattering of the radial breathing modes of SWNT's has been observed between the Stokes and anti-Stokes sides. Based on it, the electronic transition for some SWNT's that exhibit resonantly enhanced process has been determined experimentally. By comparing the measured electronic transition energy with the theoretically calculated energy separations of 1D DOS singularities of metallic or semiconducting SWNT's, the conducting category of individual carbon nanotubes is directly identified. Moreover, the results provide a strong evidence that some SWNT's are beyond the resonant condition and the Raman spectra of other special diametric SWNT's are resonant. Due to the existence of resonant and non-resonant Raman scattering processes for different diametric SWNT's, the relative intensity of each RBM does not reflect the proportion of a particular SWNT.
